A novel Monte Carlo kinetic model has been developed and implemented to predict growth rate regimes and defect formation for the homo-epitaxial growth of various SiC polytypes on different substrates. Using this model we have studied the generation of both point like and extended defects in terms of the growth rate and off-cut angle, finding qualitative agreement with both electrical and optical characterization and analytical results.
Introduction
In spite of the promising characteristics (e.g. large band gap and high breakdown field) of silicon carbide as a semiconductor device material, the difficulties in the growth of large area, high quality crystals without polytype mixing has prevented extensive electronic applications. One innovation has been achieved with the introduction of an off-orientation into the SiC{0001} substrates which produces a lateral growth from the atomic steps (i.e. step-flow growth), thus forcing the grown crystal to inherit the stacking order of the substrate [1, 2] . In the past, the problem of step-flow growth was studied applying analytical models based on the theory of Burton, Cabrera and Frank (BCF) [3] for the dynamics of the step together with the Avrami nucleation theory [4, 5] . We have developed a novel on-lattice kinetic Monte Carlo model (KLMC) [6, 7] to predict growth rate regimes and defect formation mechanisms for different deposition rates and off-cut angles. The model, describing the kinetics of the dimer adatoms (as in [8] ) during the epitaxial step-flow growth, is an advancement with respect to standard Monte Carlo algorithms since it includes, in each {0001} layer, all sites in the ABC notation [8] . It allows the user to simulate both epitaxial and defective structures (stacking faults, twins and vacancies) over the length and time scales of the process (seconds and microns, respectively). The most relevant feature of our code is the concurrent access to all the degradation mechanisms of the stacking order so that the correlation between island nucleation and evolution, local step bunching (LSB, local overlap of consecutive steps) and global step bunching (GSB, complete overlap of consecutive steps) can be fully investigated. Using this model we have related the generation of both local and extended defects with the variation of the off-angle cut and the growth rate comparing these results with analytical models (BCS theory) and experiments: atomic force microscopy (AFM), deep level transient spectroscopy (DLTS) and current-voltage measurements of the leakage current. For this study we have used a simplified diffusion model based on the bound-counting method [6] with the following energetic parameters: desorption flux n s0 /τ s = 2.835x109 cm -2 s -1 , adatom diffusion coefficient λ S = 0.266 cm, surface free energy σ = 1239 Erg cm -2 and a temperature T=1600˚C.
Fig.2
Predicted density of point defects (left axis) and extended defects (right axis) for different growth rates for fixed off-cut angle. We note here that the specific onset of the different regimes could change because of finite size effects present on the simulated system. 
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Results
We started our study by comparing the critical growth rate Gr lim (the growth rate at which the epitaxial region is highly polycrystalline, specified in µm and in units of the Debye frequency) calculated using the BCF theory with the numerical results obtained using the KLMC. We found a really good agreement only for small off-angle cuts, i.e. large terrace widths (see Fig.1 ).
The difference for large off-angle cuts comes from a limit of the BCF theory which implicitly assumes that the effective terrace width does not change during the growth, an assumption that is not true for small enough terraces, where both LSB and GSB increase the effective terrace width.
We have also identified a new deposition regime, which we called: "defective epitaxial regime" [6] , being in between the standard epitaxial step flow and the non-epitaxial 2D nucleation regime (Fig.2) .
In the defective epitaxial regime the roughness of the step becomes of the order of the terrace width, so that local step bunching occurs, hindering the standard step-flow kinetics, and enhancing the creation of local defects (mainly vacancies) generated by the local metastable configurations reached by the system. The extension of this regime, in terms of the growth rate, is related to the terrace width of the initial substrate, decreasing for lower off-cut angles (not shown). In fact, for large enough terraces (low off-cut angles), 2D nucleation happens before LSB occurs so that, for this condition (in our simulations, for off-cut angles below 4˚) the defective epitaxial regime disappears. Furthermore, the surface morphology after the growth process is the signature of the different growth regimes. These different regimes have been observed experimentally with AFM, which shows local step bunching only for high (100 µm/h) growth rates (Fig.3b) , while in the case of low growth rate (6 µm/h) no step bunching can be observed (Fig.3a) . Finally, we have numerically determined the trend of the density of point like defects in terms of both the growth rate and the off-cut angle (Fig.4) . From these results can be observed that, between 5 and 7 degrees of off-angle cuts, the increase of the density of point defects does not depend on the off-angle but only on the growth rate. Instead, for higher off-angles, the density of point defects increases at lower growth rates, while for lower off-angles the extension of the epitaxial defective regime is much narrow and the system becomes polycrystalline at lower growth rate. This effect can be explained with the formation of the local step bunching (LSB). In fact, with large terraces, the probability of having a LSB is very low. Only at very high growth rate this probability increase and when the LSB occurs we observe the formation of point defects.
Decreasing the length of the terraces the LSB occurs at lower growth rate and the point defects start to increase at lower growth rate too. This scenario is confirmed by the Schottky diodes leakage current measurements reported from the same group [7] , which show an increase of the average leakage over 400 diodes, related to the density of traps (i.e. point like defects), for increasing growth rates. From DLTS measurements, not reported there, only Fig.4 (left) Density of point defects varing the growth rate for different off-cut angles.
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the Z 1 /Z 2 and the EH 6/7 traps are present. These traps are related to the carbon vacancy (Z 1 /Z 2 ) and to the carbon-silicon di-vacancy (EH 6/7 ) and then the increase of the leakage current vs. the growth rate is in perfect agreement with the KLMC simulations reported in this work.
Conclusions
Our code aims to predict the morphology of SiC epitaxial films which includes defective configurations that form during the growth process.
Comparison between analytical results and experiments demonstrates that the code is able to access all the concurrent degradation mechanisms which contribute to the final quality of the crystal so that the correlation between island nucleation, global step bunching and local step bunching can be properly investigated (e.g. GBS events could lead to the enlargement of some terraces boosting island nucleation, or nucleation events of small island can deform the step boosting LSB, and so on).
More specifically the numerical results show a different trend for large off-angle cuts with respect to the BCF model, this discrepancy comes from the implicit assumption of the BCF theory that the effective terrace width does not change during the growth. This assumption is not true for small enough terraces where both LSB and GSB alter the terrace width, allowing the nucleation of stable islands. The code is also able to qualitatively predict the variation of the density of point like defects both in terms of growth rate and off-angle cut. Future work will be devoted to refining the calibration of the code, either by using experimental measurements or using numerical results obtain through molecular dynamic simulation.
